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fects of environment and genes. This article highlights the ad-
It is clear from descriptive and migration studies that most vantages of population-based studies in the investigation of
cancer is environmental in origin. Descriptive, case—control common genetic variation in cancer and, in particular, focuses
and cohort studies have provided the foundation for our on case—control studies.
understanding of the environmental component of cancer  Cohort studies, considered in a companion art{@g and
etiology as well as most major causes of morbidity and mor- case—control studies are sometimes referred to as “association”
tality. We propose that the same epidemiologic methods that studies, implicitly reminding others of the truism that “associa-
have provided fundamental insight into the etiology of can- tion does not imply causation.” Linkage studies, of course, also
cer in the general population are optimally suited to study use statistical evidence to infer causation. Results from any
the impact of relatively common polymorphisms on chronic study design need to be evaluated within the context of the
disease incidence. In this article, we describe the role of case-historical (7) and ongoing(8) debate regarding the types of
control studies in assessing the effects of genes in diseas€vidence that can advance an association to the level of causa-
Some of the advantages and disadvantages of the caselion.
control design, particularly as an alternative to case—control ~ Studies of genetic markers in population-based studies were
studies nested in a cohort in the context of the study of responsible for identifying the relation of HLA-B27 and auto-
complex disease, are described. [Monogr Natl Cancer Inst immune disease, apolipoprotein E in late-onset Alzheimer’s dis-
1999;26:25-30] easg9,10),and ABO blood group and gastric can¢gt). In the

1970s and 1980s, this approach was used to study putative as-

sociations of cancer with metabolic phenoty&3—15).By the

Population-based epidemiologic studies including descrigarly 1990s, technology allowed germline DNA to be used in
tive, case—control, and cohort studies have provided the foungﬁ]dy-specific genetic polymorphisms in relation to particular
tion for our understanding of cancer etiology. The accumulategncerg16,17)as indicated in Table 1. While the evidence for
knowledge provided by epidemiologic research carried out dunost of the associations is mixed or sparsely studied, the bio-
ing the last 50 years has unequivocally shown that the vasgic and epidemiologic data generally support associations
majority of cancer derives from environmental exposurebetween NAT2 (the “slow” acetylation phenotyp&)8) and
broadly defined. Descriptive epidemiology reveals striking dibladder cancer and are at least suggestive for GSTM1 and some
ferences in international cancer incidence rates. Migration stugiroking related-cancer§l9-21). Plausible hypotheses for
ies demonstrate that rates can shift within one generation to tiene—human cancer/disease associations are the focus of active
rates of the new countrfl). Case—control and cohort epidemiinvestigation based on the appreciation that genetic traits can
ology studies have provided convincing evidence for causal iefluence the disposition of relevant exposures or mechanisti-
lationships between cancer and smoking, alcohol, viral, druzglly relevant features on the disease pathway (Table 1).
radiation, occupational, and lifestyle exposu¢2s
There is broad agreement that the relationship between erfySE—CONTROL STUDIES

ronmental exposures and cancer risk is likely to be modified by
genetic factors, sincé) most xenobiotics that enter the body
and particularly human carcinogens undergo metabolic proce§
ing and(b) wide differences in these capacities between peo . ) .
are often due to heredit{8,4). Many of the specific genes andthen the cancer ep|d§em|ology community has accumulated ex
respective substrates involved are known (Table 1), but the mg%lswe experience W'th population-based casefcontrol §tud|es.
nitude of the risks and understanding whether gene—environmgrcause of the efficiency and the telescoped time required to
or gene—gene effects are involved remain controversial. We ppg_mplete a case—_control StUdy. relapv_e_ to a full cohort study,
pose that the same epidemiologic methods that have provi&g&e—control studies have provided initial clues and been a ma-

fundamental insight into the etiology of cancer in the gener@r' if not tg_e major, lsoyrcehpf e\fllﬂence for ma_r:jy es'g?jbllshe?
population are optimally suited to evaluate the impact of relgXpPosure-aisease relatlons Ips. They can provide evidence for
imates of the relative and attributable risk and sometimes the

. . - S t
tively common polymorphisms on chronic disease incidence : .
y poymorp gésolute risk. In fact, the key weakness of case—control studies

well as the potential interaction between these alleles and . tal fact i i . d Cari
environmental exposures that drive disease risk. of environmental factors, refiance on Sefi-report, does not arise

This article highlights the advantages of population-based
studies. We do not question the central importance that linkage

studies have played in elucidating the genetic origins of famil Affiliation of authors:Division of Cancer Epidemiology and Genetics, Na-
cancer syndrome). We note, however, that, for the vast maloa cancer Institute, Bethesda, MD.
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jqrity of human_ capcer Fhat exhibits familial tendency bl;'t Not &ytive Plaza South, Rm. 7116, Bethesda, MD 20892 (e-mail: caporaso@
simple mendelian inheritance pattern, the tools of classic canggfgov).
epidemiology may be better adapted to unraveling the joint ef-See“Note” following “References.”

The case—control design became widely recognized as an
gi_cient and scientifically sound approach with the studies in the
rly 1950s linking tobacco smoking and lung can{@&)). Since
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Table 1. Cancer, metabolic polymorphisms, and proposed mechanisms

Cancer/disease Gene (reference No.) Proposed basis
Lung CYP1A1(22) Phase 1 genes that activate known tobacco carcinogens, including polycyclic aromatic
CYP2E1(23) hydrocarbonsN-nitrosamines, and aromatic amines
CYP2D6(24)
GSTM1 Phase 2 gene involved in detoxification and elimination of carcinogenic epoxides or
NAT2 aromatic amines derived from tobacco
EPHX
Nasopharyngeal GSTMRS5) Detoxification of benzo[a]pyrene or other carcinogens in tobacco smoke
CYP2E1(26) Activation of nitrosamines may influence risk
Oral ADH (27) Enhanced production of carcinogenic byproducts of alcohol metabolism
Gastric CYP2E1 Activation of nitrosamine carcinogens
Hepatocellular EPHX28) Activation and elimination of aflatoxin B1
GSTM1
Esophageal CYP2ER9) Activation of nitrosamine carcinogens
Bladder NAT2(30) Decreased elimination of aromatic amines in “slow acetylators”
Breast CYP1B1 Metabolism of estradiol to catechol estrogens
CYP17 Metabolism of steroids
NAT2 (31) Decreased detoxification of aromatic amines in smokers
Colorectal(32) NAT2 Activation of food-borne carcinogens
Prostate Androgen recept(33) Alter receptor transactivation with impact on androgen effect
SRD5A2(34) Metabolic activation of testosterone to dihydrotestosterone
Non-Hodgkin’s lymphoma CCRE5) In patients with human immunodeficiency virus, chemokine receptor defect alters risk

of infection and development of acquired immunodeficiency disease
syndrome-related cancer

Renal CYP1AL(36) Phase 1 gene that activates tobacco carcinogens

in studies of constitutional risk factors. Case—control studiésctor whose distribution differs between ethnic groups may
conducted in the setting of an established cohort study are depear to be related to disease even though there is no causal
scribed in an accompanying artiq(@). relationship. In the simplest situation, if there is a difference in
risk between two ethnic groups in the study base, the ethnic
groups will be distributed differently between the case and con-
Modern epidemiologic studies that evaluate genetic factarsl groups so that any genetic (or other environmental) factor
include DNA-based genotype determinations. When genotyjet differs between ethnic groups will tend to be associated with
could be determined only by laborious metabolic phenotype d&e risk of disease. The worst case for population stratification
terminations involving probe drug administration or comglex occurs when two separate populations with widely different al-
vitro laboratory studies, investigators encountered methodologite frequencies and disease rates are admixed as described by
difficulties, including selection bias (i.e., only relatively healthyKnowler et al.(42) in the study of diabetes and the Gm haplo-
subjects could undergo phenotyping) and limited power (i.eype in the Pima Indians. An empirical investigation of the ex-
difficult laboratory assays or clinical requirements impose@nt of bias from the slow acetylation genotype or phenotype and
time, cost, and labor constraints on study size). The difficultiesale bladder or female breast cancer found very little bias in a
of accommodating phenotype assays in field studies generatydy base of non-Hispanic European-Americans in a multieth-
limited the scope to the characterization of single genes. Todajg setting in the United States (Wacholder S et al.: submitted for
the genotype information is directly assessed by analysis miblication, 1999). We further showed that, when multiple
germline DNA, obtained from blood or increasingly from othepopulations are incorporated, as is likely in most U.S. case—
sources (mouthwash rinse, buccal swabs, or stored tissue). Stdintrol studies, confounding will be minimal. Controlling
the requirement for biospecimens, though less arduous than tradely for ethnicity will often (though not always) control some
imposed during the phenotyping era, continues to have impoif-the remaining bias. We, therefore, disagree with those who
tant implications for study desig(88,39), measurement error, have stated that population stratification undermines the conclu-
and sample collection and processi@®). sions from population-based studies involving candidate genes
Beyond issues that derive from the need to obtain biomarkaxs pervasively that familial controls are required to rule out this
on study subjectg41), the study of genetic factors imposesproblem (43,44). The key question is whether a population-
further considerations. One issue is that the exploding gendtimsed case—control study is so severely affected by this bias that
information and technology will result in multiple and posteriorihe results are not credible or whether, as we believe, the bias is
comparisons. A particular issue that is seemingly unique to &snall and tolerable.
sociations with genetic markers is the problem of population Even if population control subjects have general utility,
stratification, considered briefly in the next section. eliminating residual concerns about population stratification,
identifying gene—environment interactio(#5), and efficiency
considerations may support the use of relative control subjects
Population stratification is a consequence of different ratesfofr a particular study. The relative efficiency of using relatives
disease in different ethnic groups; any genetic or environmengal control subjects against unmatched population control sub-

BIOMARKERS OF GENETIC SUSCEPTIBILITY

POPULATION STRATIFICATION
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jects is considered in another artiq6) in this volume. The focuses on diet and general lifestyle factors). Examples could
cost efficiency of selecting an appropriate population controiclude occupational and environmental exposures requiring
subject and a parent or relative will affect the statistical effeomplete occupational and residential histories, respectively.
ciency as a function of factors such as age, residence of relativ@shorts have an inherent limitation, in that, having as their aim
and the availability of potential rosters. For older control sulthe study of multiple end points, they can collect less extensive
jects, parents and siblings may be deceased; already identifiledia on exposures relevant to any one particular disease, al-
case subjects will need to be excluded because no eligible ctirough the opportunity to return to participants at later time
trol subject is available. Relatives may live far away; extra copbints may partially ameliorate this point. Case—control studies
to locate and visit them will be incurred, unless selfean rapidly respond to and focus on new exposures that are
administered DNA collection, such as a buccal cell swab, acdrrently of concern for particular tumors, tailoring methods to
questionnaire are used. We suspect that, given the added coptimally capture target data. In contrast, cohort studies will
plexity of choosing relative control subjects, the total cost withave instruments in place that will inevitably lack precision or
be higher than that for population control subjects. Unwarrantedtirely miss new exposures.

concern about population stratification, even when it is likely to Retrospective versus prospective exposure determination.

be trivial, can render the costs of epidemiologic studies prohit8tudies that rely on retrospective exposure assessment that may

tive. be affected by disease or its treatment or on questionnaire re-
sponses susceptible to rumination by respondents are liable to

THE CAse-CoNTROL METHOD IN RELATION TO bias from differential misclassification. Biomarkers (except ger-

OTHER EPIDEMIOLOGIC DESIGNS mline DNA) and responses to guestionnaires may change as a

i i . consequence of the early disease process or diagnosis itself. We
_ Popula’_uon-based case—control studies have had a crucial jole previously shown a striking drop-off in power to detect
in unraveling complex human diseagé3-51).Now, however, gane environment interactions occurring under some circum-
existing cohort studies that have or are collecting blood samplgs e with even small to moderate exposure misclassification
or other sources of genomic DNA will accrue large numbers psg 53y Furthermore, even with very rapid case ascertainment,
case subjects with common tumors over the coming years. Aise mortality is a problem for the study of very aggressive
propriately, questions are being raised about the utility of ¢g{;mqrs in population-based case—control studies. The reliance on
rying out new case—control studies, either population based Ppgpective exposure assessment preceding the onset of disease
hospital based, to study the main effects of common polymQfzyiects against differential misclassification. Biochemical mea-
phisms and their interaction with environmental exposures. D&jres of exposure are more suitable in cohort settings if the time
signers of a new case—control study will need to show thatgf |ection (i.e., not influenced by preclinical disease) and
offers benefits that cannot be obtained from existing COhOfg,qgic characteristics (i.e., not influenced by random within-
already under study. We, therefore, raise some consideratiggon variation) are appropriate. In addition, case—control stud-
when planning to carry out a new case—control study involvings 4re ysually limited to one retrospective measurement of ex-
genetic factors in contrast to performing nested studies withiygre whereas cohort studies may conduct repeated measures
existing cohorts. over time. Although it is feasible to analyze genetic polymor-
phism in tumor blocks, we have found that the proportion of
samples that can be successfully studied is highly variable across
studies. Tissue availability may vary by factors related to genet-
ics; i.e., availability of tissue may be limited to “early” surgical
cases.

Perhaps the key advantage of case—control studies is the abilGene—environment interactions.The strong focus on col-

ity to enroll relatively large numbers of cases of the less comméattion of exposure data is well suited to evaluate evidence for
tumors. Given the need for sample sizes up to several thousamdraction between genes and expog&r. A number of “vari-
cases and controls to study gene—environment interactiam” case—control designs have been proposed to facilitate the
(52,53),it is only feasible to collect enough cases of the morstudy of interaction, particularly the case-only or case-case de-
common tumors in most cohort studies without pooling acrosgn (55-57).Subject to certain assumptions (i.e., exposure and
cohorts. gene are independent) and limitations (i.e., the independent ef-
fects of gene and exposure cannot be assessed; generally but not
always limited to departures from multiplicativity), this ap-

Case—control studies can focus on enrolling a narrow rangeR$pach may be applicable to both case—control studies and
ethnic and racial features, age, or socioeconomic levels thapgsted studies.
particularly interesting or important but not adequately repre: .
sented in existing cohort studies. Case and Control Selection

CONSIDERATIONS BEFORE L AUNCHING A NEW
Case—CoNTROL StuDpY

Tumor Incidence

Inclusion of Diverse Population Groups

Ascertainment. A major concern of case—control studies is
proper case and control selection. Proper control subjects are

Depth of exposure data.Case—control studies can collectepresentative of the study base from which the case subjects
more detailed and broader information about exposure from beattise(58,59).1dentifying either a random sample from the gen-
interviews and records than is feasible in a cohort study. Thiségl population or the source population for case subjects pre-
particularly important when there is concern about a specifienting at a particular hospital(s) may be difficult.
type of exposure that is not generally assessed at all or in ad-Participation. Further potential for selection bias occurs if
equate detail in the typical cohort questionnaire (which usualtase or control subjects are less likely to participate because of

Exposure
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problems in the collection of biospecimens. Since the sourBesources and Infrastructure

population for cohorts is explicit, selection bias is less of a )

problem as long as follow-up rates are hii0). Low partici- ~ The vastly greater size of cohorts large enough to generate a
pation rates in case—control studies and, particularly, refus@iistantial sample of diseased subjects and the time period re-
related to providing DNA can bias results, especially when cageired for the cohort to mature mean that a substantially greater
subjects are less likely to participate than control subjects aifdfial investment is required to establish the cohort. For cohort
selection is related to the gene. Low participation rates algiidies thf'it incorporate biologic materials, the mfrastructu_re to
threaten the population-based nature of the study, underminfpPort biospecimens’ databases, freezers, and processing re-
its use for estimating absolute and attributable righg). A guires a correspondingly greater effort and cost. While all stud-
promising solution to low participation rates for phlebotomy S with biospecimens must consider the risk of untoward events

. _ _ samples from cohorts requires special emphasis on quality con-
Collection of Biospecimens trol and security issues (i.e., backup generators, monitoring, dis-

. . . Fributing samples among different freezers, etc.). In the next few
Case—control studies, particularly when hospital-based, offer o " S
gars, however, the “cost per case” for studies fielded from a

distinct advantages for the collection of biospecimens. It is nd . P . .
: o cohort will offer economies in comparison to fielding a new
feasible for a large cohort study to reach newly incident cases a
: . . “case—control studg64).
a widely dispersed set of hospitals. A case—control study in”a
narrow geographic region or with the use of only a few hOSp'taiLSUTURE TRENDS

can establish an efficient collection of blood, urine, cells, sur-

gical tissue, and pathologic material along with supporting docu- The primacy of exposure in cancer etiology and the recogni-
mentation (medical records). Although rapid contact is not ingon that cancer is manifestly hereditary in certain families, but
portant for germline-derived genetic markers because they gifisistently a genetic disease on the cellular level mandate an
invariant to the presence of disease in the host, case—configdisciplinary approach to elucidating their joint role in can-
studies also have an advantage if fresh tumor tissue is a stdy Family studies have proven critical to identifying high-
requirement. Resources for collection, processing, and storgg@etrance genes. Mechanistic work and animal work have pro-
are often conveniently available around the hospital setting. Qfgjed extraordinary insight into our fundamental understanding
ten, pretreatment specimens, critical for evaluation of biologig cancer. Unraveling the complex origin of cancer that results in
markers that could be affected by chemotherapy or radiatigqe vast burden of cancer mortality will require population-based
therapy, can be obtained. Furthermore, case—control studies §aflies that can uniquely determine the public heath impact of a
generally collect larger quantities and types of biologic samplgg:ative risk factor, genetic or otherwise.
and process them i'n ways (i.e., cryppreservation of |ymph00y'eSPopu|ation studies that include tissue collection and exposure
and Epstein-Barr virus transformation to ensure large quantitiggsessment will allow opportunities for diverse hypotheses test-
of DNA) that are more sophisticated than is feasible in cohqﬁg involving, e.g., relations between germline and tumor mu-
studies. This offers the potential for conducting functional agstions, exposure relationships in questionnaire-based and mo-
says such as mutagen sensitiy{62), which in general are not |ecylar approaches, and exploitation of the developing human
methodologically feasible in cohort settings. genome map for both population and family-based studies.
There will be opportunities to explore for unique and newly
hypothesized etiologic agents in stored material, to correlate
Case—control studies are generally limited to one disease aygne and exposure markers with tumor mutations, and generally
come but are less constrained by the rarity of the diseas®gexplore mechanistic hypotheses. The next generation of stud-
whereas cohort studies (including full cohort, nested casgs that will strive to understand the interplay between environ-
control, or case—cohort studies) may identify multiple diseasgental and genetic factors for cancer risk in the general popu-
end points. The focus of a case—control study on one disedéaion will be substantially larger than previous biologically
entity permits greater time and resources to be devoted to tiesed case—control studies in order to have adequate power to
collection and documentation of disease information (i.e., pdetect interactions between environmental and genetic factors
thology, staging, and tissue), providing a richer information bagg8). Generally, larger study sizes should also permit new ap-
for study with the benefits of a potential reduction in misclagroaches requiring pooled DNA samples that exploit the increas-
sification and a deeper analysis. Obtaining disease-related datdy detailed genetic map to conduct gene searches, i.e., linkage
in cohorts entails mounting an effort that is generally less effilisequilibrium mapping65) with the use of unrelated control
cient and more costly. The advantage of cohort studies’ ability sobjects. Less invasive methods of genomic DNA collection,
examine multiple outcomes may be somewhat limited by reuch as buccal cell collectior{61), will find increasing appli-
sources and logistics, limited exposure information, the diversation and will benefit all study approaches involving biospeci-
approaches to documenting disease incidence or mortality, anens.
the rarity of some outcomes. In the future, both case—control and cohort studies will have
Costs for a series of case—control studies of different can@eucial and complementary roles in the investigation of genetic
sites can sometimes be reduced by sharing a single confedtors and their interaction with environmental exposures in the
group. When different diseases require different exposures, teneral population. As the number of cases with common tu-
partial questionnaire design may offer a reduction in the burderors accumulate in existing cohorts over the coming years,
to respondents, thereby potentially increasing participd®@). nested case—control studies will have an increasingly important
Even if these options are not feasible, using the same infrastrumle, with special advantages deriving from large size, multiple
ture for control selection for repeated studies can reduce coststcomes (both cancer and non-cancer), and prospective expo-

Single Disease
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